The combustion of high-temperature off-gas of steelmaking converter with periodical change of temperature and CO concentration always leads to CO and NO x over-standard emissions. In the paper, high-temperature off-gas combustion is simulated by adopting counterflow diffusion flame model, and some influencing factors of CO and NO x emissions are investigated by adopting a detailed chemistry GRI 3.0 mechanism. The emission index of NO x (EINO x ) decreases 1.7-4.6% when air stoichiometric ratio (SR) increase from 0.6 to 1.4, and it dramatically increases with off-gas temperature at a given SR when the off-gas temperature is above 1500 K. High-concentration CO in off-gas can result in high NO x emissions, and NO x levels increase dramatically with CO concentration when off-gas temperature is above 1700 K. Both SR and off-gas temperature are important for the increase of CO burnout index (BI CO ) when SR is less than 1.0, but BI CO increase about 1% when off-gas temperature increases from 1100 K to 1900 K at SR > 1.0. BI CO increases with CO concentration in off-gas, and the influence of off-gas temperature on BI CO is marginal. BI CO increases with the relative humidity (RH) in air supplied, but it increases about 0.5% when RH is larger than 30%.
Introduction
Blown oxygen converter steelmaking has developed for over 50 years, and the process is retaining its predominance as the world's No. 1 steelmaking method by technological innovation [1] . The oxygen steelmaking process is a very complex batch reaction course. Decarburization of molten metal is a basic process of oxygen converter steelmaking, and the process is determined by the development of heat and mass transfer processes in the bath. A characteristic of converter steelmaking production is the formation of a large amount of high-temperature off-gas, and the main compositions are CO and CO 2 . Off-gas is a precious valuable fuel containing high-concentration CO, CO concentration and temperature periodically change during blown oxygen steelmaking, CO concentration varies from 0 to 80%, and off-gas temperature can reach 1900 K [2] . Therefore, off-gas of steelmaking converter is an important secondary energy resource for steel enterprises, and it is important for steel enterprises to effectively recover off-gas energy.
In order recover off-gas energy, off-gas of steelmaking converter is often discharged into the cooling stack to be combusted and cooled in practical steelmaking process. The cooling stack is installed above the outlet of converter in which off-gas is combusted. The cooling stack often comprises movable hood and four fixed sections [3] . During steelmaking, the cooling stack is under negative pressure, the movable hood of cooling duct is raised, off-gas is discharged into the cooling stack, a large amount of air is sucked from ambient atmosphere, and then off-gas is combusted by the sucked air. However, the improper mode of air sucked makes CO burnout difficult, and high-temperature off-gas combustion results in NO x formation. For the diffusion combustion of hightemperature off-gas in the cooling stack, the diffusions of air and off-gas effect the flame temperature, local maximum temperature can reach above 2300 K, where CO 2 may decompose and NO x is formed at a significant rate. CO emission concentration at the cooling stack outlet can reach above 2000 mg/m 3 which is always over emission standard (300 mg/m 3 in China) [4, 5] . CO is a toxic gas which is dangerous to human health, high CO emission results in not only atmospheric pollutant but also fuel loss. NO x is a known precursor to the formation of ozone and acid rain, and it can react with volatile organic compounds to form photo-chemical smog [6] . At present, the control of pollutant emissions during steelmaking process mainly focus on the dusts [4] , and the control of CO and NO x emissions is not paid sufficient attentions in iron and steel industry. In order understand the diffusion flames of off-gas to improve combustion efficiency and to reduce the gaseous pollutants, the numerical study on NO x and CO emissions in off-gas counterflow diffusion flame, by adopting counterflow diffusion 0306-2619/$ -see front matter Ó 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.apenergy.2010. 10 .030 flame as a model, the influences of air stoichiometric ratio (SR), the CO concentration in off-gas, off-gas temperature and the relative humidity (RH) of air supplied on CO and NO x emissions are investigated by adopting a detailed chemistry model using Cantera software code [7, 8] .
Numerical model
The axisymmetric laminar diffusion flame has attracted much attention as a model system with a relatively simple geometry and sharing many properties with flames in practical devices [9] . A counterflow diffusion flame offers a convenient geometry in modeling the detailed processes that occur in diffusion flames [10] . The counterflow geometry is well known, which consists of two concentric, circular nozzles directed towards each other, and this configuration produces an axisymmetric flow field with a stagnation plane between the nozzles, as shown in Fig. 1 [11] .
The actual flow field in the counterflow is two-dimensional, and the two-dimensional flow can be reduced to one dimension by some simplifications. The mathematical treatment can be simplified considerably if the description is restricted to the flow properties along the stagnation stream line in Fig. 1 . Based on the boundary layer approximation of Prandtl [12] (neglect of diffusion in the direction orthogonal to the stream, in Fig. 1 the y direction) , the problem reduces to one spatial coordinate, namely the distant from the stagnation line or point, respectively. In this way, the tangential gradients of temperature and mass fractions, and the velocity component v can be eliminated. Here, there are assumptions:
(1) the temperature and mass fractions of all species are functions solely of the coordinate x normal to the flame; (2) the normal velocity u is a function of x only; (3) the tangential velocity v is proportional to the coordinate tangential to the flame x (which is a result of the boundary layer assumption); and (4) the solution is considered along the x axis (stagnation stream plane) [11, 13, 14] . Thus, one can use the similarity solutions to reduce the governing equations to ordinary differential equations [11] .
In the axisymmetric laminar diffusion flame, chemical reaction occurs in a relatively thin mixing layer formed in the vicinity of the stagnation plane. According to the analytical solution of counterflow diffusion flow under the assumption of Burke-Schumann [11] , an estimate of mixing layer thickness d mix is ffiffiffiffiffiffiffiffiffi D=v p , where D and v are mass diffusion coefficient and scalar dissipation rate respectively. The mixing layer thickness is 0.1-0.2 cm. To simplify the problem, several approximations are introduced. Natural convection is neglected because the thickness of mixing layer (0.1-0.2 cm) is much smaller than the characteristic length (2 cm) above which buoyancy becomes dominant. Radiative heat loss is suppressed because flame conditions near the transport-induced extinction are considered [15] . Governing equations, boundary conditions with potential flow assumption, and the notation of variables can be found elsewhere [15, 16] . Many researchers employed counterflow flame configuration to investigate diffusion flame combustion, and it was demonstrated valid [17] [18] [19] [20] . Using Cantera software code, counterflow diffusion flame of high-temperature off-gas of steelmaking converter is simulated. Cantera is an object-oriented [7, 8] , open source suite of software tools for reacting flow problems involving chemical kinetics, thermodynamics and transport processes. The adopted reaction scheme to describe combustion reactions in the flames is the GRI 3.0 mechanism that involves 53 species and 325 reactions [13, 21] . The GRI 3.0 mechanism have been extensively validated in previous studies using a variety of configurations including perfectly stirred reactors, laminar flame speeds, and nonpremixed and partially premixed methane flames [22] [23] [24] . Therefore, the use of GRI 3.0 mechanism can used to model flames burning and NO x emissions.
In counterflow diffusion flame, the global strain rate (a g ) allows quantification of a characteristic flame residence time or flow time, and it is defined as [23] 
where the V denotes the velocity, q denotes the density of the reactant streams at the duct boundaries, L is the duct separation distance, and the subscripts O and F represent the air and fuel streams, respectively. In the simulation described here, the global strain rate varies from 49 s À1 to 64 s
À1
. Air stoichiometric ratio (SR) represents the fuel-air mixture composition SR ¼ ðactual air suppliedÞ=ðstoichiometric air demand of fuelÞ ð2Þ
In the simulation, off-gas of steelmaking converter consists of CO and CO 2 ; off-gas temperature at the fuel boundary varies from 1100 to 1900 K, air at the oxidizer boundary is kept at 300 K; air stoichiometric ratio varies from 0.6 to 1.4; the relative humidity (RH) in air supplied from 10% to 60%; CO concentration range is 10-60%; the separation distance (L) between fuel and oxidizer boundaries is 2 cm.
The relative axial distance (X) from fuel jet port is defined as the molecular weight and molar production rate of species i w i the molar production rate of species i BI CO CO burnout index Fig. 1 . Geometry of the opposed-flow diffusion flame. The dashed line represents the stagnation plane; the dotted region suggests the flame [11] .
where the x denotes the axial distance from fuel jet port, and L is the duct separation distance, 2 cm. Since no experimental data are available to validate the model of off-gas of steelmaking converter flames, we performed additional validation studies using the available measurements of the flame structure and NO x profile in methane-air counterflow flame, and the experimental data refer to the reference [25] . Using the axisymmetric laminar diffusion flame model (see it in Fig. 1 ) and GRI 3.0 mechanism, the methane-air counterflow flame is simulated by Cantera software code. The burner system consists of two opposed cylindrical ducts, the distance between the two burners was maintained at 2 cm, fuel-rich CH 4 /O 2 /N 2 premixed reactant was injected through the bottom duct and air through the top (see Fig. 1 ), fuel stream equivalence ratio was 1.45, the global strain rate (a g ) was 20 s
, and the temperatures of fuel and air were 300 K. Fig. 2 presents a comparison of the measured and predicted the profiles of NO and temperature, there is an good agreement between the predicted and measured flame structures in terms of temperature and NO. However, the measured temperatures are 200-300 K higher than predictions in the flame zone. In the experiment [25] , the thin filament pyrometry (TFP) technique used to measure temperatures, which involves extending a 10-20 lm diameter SiC fiber with weighted free ends across the centerline of the flame and measuring the radiant emission of the fiber using an infrared detector. This disagreement of the predicted and measured temperature might be explained [25] that the assumption of constant emissivity with wavelength and temperature may not hold for SiC fibers at the higher temperatures. In addition, not much is known about physical or chemical changes that might occur to the fiber material at temperatures approaching 2000 K. In GRI 3.0 mechanism, methane-air combustion deals with the reaction mechanisms of CO oxidization and NO x formation, and thus the comparison of the measured and predicted the profiles of NO and temperature in methane-air combustion flame can validate the model of off-gas of steelmaking converter flame.
Results and discussion
3.1. Profile characteristics of temperature and major species in counterflow diffusion flame of off-gas Fig. 3 shows a typical profiles of species mole fractions, species production rates and flame temperature of a off-gas counterflow diffusion flame (off-gas: CO = 40%, CO 2 = 60%, T off-gas = 1700 K; air: p = 1 atm, T air = 300 K, RH = 30%) at SR = 1.05 and a g = 49 s À1 . In Fig. 3 , the dashed line shows the position of the stagnation plane, the maximum of temperature is located in off-gas side of the stagnation plane, and consequently the flame zone is formed at this location. According to the chemical stoichiometry, the mass of air required is less than that off-gas, the temperature of off-gas (1700 K) is much higher than that of air (300 K), and thus the flame occurs on off-gas side of the stagnation plane. In the region of flame, O 2 and CO concentrations and the production rates dramatically change. The location (X = 0.63), where CO and O 2 are nearly consumed coincides with that of the maximum temperature (T max = 2003 K).
During fuel combustion, three principal NO x forms are thermal NO x , prompt NO x , and fuel NO x , and the relative contribution of each of the total NO x formed depends on the combustion process and fuel characteristics. The importance of each of the three mechanisms varies, depending on combustion conditions including fuel, combustion environment, and temperature. Since off-gas of steelmaking converter contains virtually no fuel nitrogen, the flame temperature reaches above 1800 K during high-temperature offgas combustion, and the NO x form is thermal NO x . Thermal NO x is formed from the reaction of nitrogen and oxygen supplied by the combustion air stream, and it is highly dependent on temperature and oxygen concentration. In Fig. 3 , the location of the maximum NO (X = 0.66, T = 1986 K, NO = 40.4 ppm, and O 2 = 2.92%) is close to that of the maximum temperature (X = 0.63, T = 2003 K, NO = 36.2 ppm, and O 2 = 1.35%), and it demonstrates temperature sensitivity. Although thermal NO formation is highly dependent on temperature, O 2 concentration is very important to NO formation at high temperature, and the rate of formation of NO will increase with increasing oxygen concentration. Since the O 2 concentration at X = 0.66 is more twice than the O 2 concentration at X = 0.63, the maximum NO occurs at X = 0.66. In comparison to simulation result of Fig. 2 , NO peak appears before maximum temperature in Fig. 2 . For methane-air counterflow flame, the prompt-NO is important, it is most prevalent in rich flame, and thus NO peak appears before maximum temperature in Fig. 2 .
In order to investigate NO x reaction mechanisms, the reaction pathway flux analysis is performed using MixMaster (a Python program that is part of the Cantera suite) [7] , and the integral path analysis is based on a conserved scalar approach to reaction fluxes. The analysis is visualized by a reaction path diagram, the diagram is a directed graph whose nodes are the chemical species, an edge connects two species if a reaction moves material from one to the other, the edge is drawn as an arrow from the reactant to the product, and the relative width of the arrows also provides an indication of pathway importance.
As known from Fig. 3a , the concentrations of NO, N 2 O and NO 2 are respectively high at X = 0.63, 0.72 and 0.80, and thus formation mechanisms of nitrogen oxides at the three positions are investigated. Fig. 4 shows the NO x reaction pathway diagrams at different axial position of the counterflow flame (see in Fig. 3 ). Fig. 4a shows the nitrogen oxides reaction pathway diagram at X = 0.63, where flame temperature and NO mole fraction are maxima (T = 2003 K and NO = 36.2 ppm, see these in Fig. 3) . The reaction pathway diagram indicates that NO is obtained by the following three mechanisms:
Reaction (4) is the first step of these reactions, it has a very high activation energy (E a = 318 kJ/mol) due to the strong triple bond in the N 2 -molecule, and is thus sufficiently fast only at high temperature. Because of its small reaction rate, reaction (4) is the rate-limiting step of the thermal NO-formation, and it is crucial for NO production [14] . 
N 2 O mechanism is analogous to the reaction (4) mechanism in that O-atom attacks molecular nitrogen. However, with the presence of a third molecule M, the outcome of this reaction is N 2 O. In Fig. 3 , the local molar ratio of N 2 O-NO is about 0.03, where N 2 O mole fraction has its maximum, N 2 O concentration is very low. The reaction has often been overlooked since it usually is an insignificant contributor to the total of NO [14] . The N 2 O may subsequently react with O atoms to form NO
Fig . 4c shows the nitrogen oxides reaction pathway diagram at X = 0.80, where NO 2 mole fraction has its maximum (see it in Fig. 3) , and the local molar ratio of NO 2 -NO x is about 0.3. The reaction pathway diagram indicates that NO 2 is mainly obtained by the following mechanism:
NO 2 formation from NO tends to occur in the region, where rapid cooling takes place, such as the mixing region of hot combustion gases with the inlet air, the amount of NO 2 formed increases with increasing cooling rate of the combustion gas, and the NO 2 /NO ratio increase with decreasing initial NO concentration [25] . 
Therefore, OH is very crucial to CO oxidation. It is difficult to ignite and sustain a dry CO-O 2 flame because the direct reaction between CO and O 2 ,
has a high activation energy (200.64 kJ/mol) and therefore is very slow process even at high temperature. Furthermore, the O-atom produced does not lead to any rapid chain-branching reactions. However, in the presence of even a small quantity of hydrogen-containing material, OH radicals are formed to accelerate the CO oxidation [26, 27] . For off-gas of steelmaking converter combustion, offgas contains virtually no hydrogen-containing material, OH only originates from H 2 O vapor in combustion air stream supplied. As known from Fig. 5b , OH is principally obtained by the following mechanisms:
Therefore, during off-gas of steelmaking converter combustion, H 2 O vapor in air supplied is important, and the absence of H 2 O may make the oxidation of CO extremely slow.
Characteristics of NO x emissions
During off-gas of steelmaking converter combustion, nitrogen oxides depend principally on the temperature and stoichiometric ratio in combustion zone. In the section, the influences of CO concentration, off-gas temperature and stoichiometric ratio on NO x emissions are investigated.
NO 2 is formed from NO on the lean side of the flame (see Fig. 3 ), and it is a significant emission. Since the NO 2 is formed through NO, its formation does not alter the total pollutant emissions, NO x emissions are reported in terms of the sum of NO 2 and NO emissions.
The characteristics of NO x emissions can be represented by the emission index of NO x (EINO x ), it describes the grams of NO x produced per kilogram of fuel consumed after all NO x has been converted by convention to NO 2 , and here this is found computationally by integrating the reaction rates across the flame as
where W i and w i are, respectively, the molecular weight and molar production rate of species i, and L is the separation distance between off-gas and air boundaries. Fig. 6 shows influence of stoichiometric ratio and off-gas temperature on EINO x at 40% CO and 30% RH. Increasing air stoichiometric ratio makes the peak temperature of flame and EINO x marginally decrease. Although increasing air stoichiometric ratio is conducive to off-gas combustion, the combustion heat value of off-gas is low because of low CO concentration in off-gas, and the combustion heat cannot totally offset the absorption heat of cool air supplied. Therefore, increasing air stoichiometric ratio makes the flame temperature marginally decrease, and then EINO x marginally decreases, as shown in Fig. 6b .
As known from Fig. 6 , with the increase of off-gas temperature at a given SR, the peak temperature of flame stably increases, and EINO x dramatically increases when the off-gas temperature is over 1500 K (see Fig. 6b ). For high-temperature off-gas of steelmaking converter combustion, increasing off-gas temperature results in the increase of the off-gas flame temperature. During off-gas of steelmaking converter combustion, NO x is thermal NO x . Based on chemical reaction kinetics, thermal NO x is very temperature sensitive and is produced vastly at combustion temperature of approximately 1900-2200 K [28] . As known from Fig. 6a , the peak temperature of combustion flame reaches over 1900 K when offgas of steelmaking converter temperature is greater than 1500 K, and thus a large amount of thermal NO x is formed, which makes EINO x dramatically increase with the temperature of off-gas of steelmaking converter (see Fig. 6b ). Fig. 7 shows the influence of CO concentration on NO x emissions and the peak temperature of flame at different off-gas temperature. With the increase of CO concentration, the rising trend of the peak NO x concentration is similar to that of EINO x . The heat value of off-gas of steelmaking converter increases with CO concentration, and then increasing CO concentration of off-gas makes combustion flame temperature increase, which results in the increase of thermal NO x formation. When off-gas temperature is 1700 K, the peak temperature is over 1900 K, and thus NO x levels increase dramatically with CO concentration [28] .
Characteristics of CO burnout
During off-gas of steelmaking converter combustion in cooling stack, CO is often over-standard emission. In the section, some influencing factors of CO burnout are investigated. In order to describe CO burnout in counterflow diffusion flame, CO burnout index (BI CO ) is defined as
where W CO and w co are, respectively, the molecular weight and molar consumption rate of CO, L is the separation distance between fuel and oxidizer boundaries, and m co is the mass flowrate of CO at fuel inlet. High BI CO means high CO combustion burnout. Fig. 8 shows the influence of off-gas temperature, SR and CO concentration on CO burnout. Fig. 8a indicates that increasing off-gas temperature and stoichiometric ratio makes BI CO increase at SR 6 1.0. For fuel-rich combustion flame (SR 6 1.0), increasing air stoichiometric ratio makes O 2 easily diffuse into off-gas to oxidize CO in counterflow diffusion flame. In the meantime, increasing off-gas temperature makes flame temperature increase (see Fig. 7a ), the forward reaction rate of the main CO oxidation reaction mechanism (11) increases. Therefore, for fuel-rich combustion flame (SR 6 1.0), increase off-gas temperature or/and stoichiometric ratio makes BI CO increases notably (see Fig. 8a ). For high-temperature fuel-lean combustion flame (SR > 1.0) at a given SR, combustion temperature is not main combustion controlling factor, and thus the influence of off-gas temperature on BI CO is marginal (see Fig. 8a ). Fig. 8b shows the influence of CO concentration in off-gas on CO burnout at different off-gas temperature, and it indicates that: the increase of CO concentration in off-gas makes BI CO increase, and the influence of off-gas temperature on CO burnout index is marginal. Since off-gas of steelmaking converter consists of CO and CO 2 , high CO 2 dilutes CO in combustion flame, which is not conducive to CO diffusion combustion. Increasing CO concentration in off-gas is conducive to increase BI CO . Fig. 9 shows the influence of the relative humidity in air supplied on CO burnout index. BI CO increases with the relative humidity in air supplied. As known from Fig. 5 , CO oxidation is mainly obtained by reaction mechanism (11), OH is very crucial to CO oxidation. For off-gas of steelmaking converter combustion, OH only originates from H 2 O vapor in air supplied. Therefore, during offgas of steelmaking converter combustion, air supplied with high relative humidity can provide more H 2 O vapor to form OH radicals in combustion flame, OH radicals formed can accelerate the CO oxidation, and thus BI CO increases with the relative humidity in air supplied. During CO oxidation reaction, OH radicals formed are recirculated and not really consumed, a small quantity of hydrogen-containing material is enough to accelerate the CO oxidation, and thus BI CO marginally increases at RH P 30% (see Fig. 9 ).
Conclusions
During off-gas of steelmaking converter combustion in cooling stack, CO and NO x are often over-standard discharge. High-temperature off-gas combustion is simulated by adopting counterflow diffusion flame as a model. During counterflow diffusion combustion of off-gas, NO x emissions index marginally decreases with air stoichiometric ratio (SR), and it dramatically increases with off-gas temperature at a given SR when the off-gas temperature is over 1500 K. High CO concentration in off-gas can results in high EINO x , and NO x levels increase dramatically with CO concentration when off-gas temperature is over 1700 K. Both air stoichiometric ratio and off-gas temperature are important for CO burnout at SR 6 1.0, but the influence of off-gas temperature on CO burnout is marginal at SR > 1.0. CO burnout index increases notably with CO concentration in off-gas, but the influence of off-gas temperature on CO burnout index is marginal. CO burnout index increases with the relative humidity in air supplied, but it marginally increases at RH P 30%. 
